proapoptotic sphingosine (So) and ceramide (Cer). Thus, as central enzymes in modulating the Cer/S1P balance, SKs are attractive targets for cancer therapy ( 1 ). Two SKs exist in humans, SK1 and SK2. SK1 has been extensively studied and there is a large body of evidence that proves its role in promoting cell survival, proliferation, and neoplastic transformation ( 2-5 ). SK1 is also elevated in many human cancers, which appears to contribute to carcinogenesis, chemotherapeutic resistance, and poor patient outcome. SK2, however, has not been as well-characterized, and there are contradictions in the key physiological functions that have been proposed for this isoform. Despite this, many studies are now emerging that implicate SK2 in key roles in a variety of diseases, including the development of a range of solid tumors ( 6 ).
EXPERIMENTAL PROCEDURES

Materials
SKI II (Chemical Abstracts Registry number 312636-16-1) and PF-543 (Chemical Abstracts Registry number 1415562-82-1) were from Calbiochem . The compounds N -[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-D-erythro-dihydrosphin gosine (dhCerC6NBD) and XM462 ( 47 ) were synthesized in our laboratories. Internal standards for lipidomics were from Avanti Polar Lipids. Minimum essential media, fetal bovine serum, nonessential amino acids, penicillin/streptomycin, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT), BSA, NADH, Tween 20, trypsin-EDTA, and the protease inhibitors were from Sigma. Laemmli buffer and acrylamide were from BioRad, SDS from Fluka, and the microBCA protein assay kit from Thermo Scientifi c. Protease inhibitor cocktail contained 2 g/ml aprotinin, 5 g/ml leupeptin, and 1 mM phenylmethylsulphonyl fl uoride. Antibodies: anti-SK1 (rabbit) was from Cell Signaling; anti-Des1 (rabbit) and microtubule-associated protein 1-light chain 3 (LC3) II (rabbit) was from Abcam; and ␤ -actin (mouse) was from Sigma. HRP secondary antibodies were from GE Healthcare.
Cell culture
The human gastric cancer cell line, HGC 27 , was cultured at 37°C in 5% CO 2 in minimum essential medium supplemented with 10% fetal bovine serum, 1% nonessential amino acids, and 100 ng/ml each of penicillin and streptomycin. Cells were routinely grown at a 60% maximum confl uence.
Glioblastoma T98G and HeLa cells were maintained at 37°C in 5% CO 2 in Dulbecco's modifi ed Eagle's medium supplemented with 10% fetal bovine serum and 100 ng/ml each of penicillin and streptomycin.
Cell viability
Cell viability was examined in triplicate samples by the MTT method. Cells were seeded at a density of 0.1 × 10 6 cells/ml, 0.1 ml/well (96-well plates). Twenty-four hours after seeding, seven 2:3 serial dilutions of SKI II, from 200 to 18 M, and vehicle (100% activity) were added and viability was determined 24 h later.
Cell cycle analysis
Cells were seeded at 150,000 cells/ml into 6-well plates (1 ml/ well ). Cells were allowed to adhere for 24 h, and then they were treated with vehicle (0.1% ethanol) or SKI II (10 M in 0.1% ethanol in medium). After exposure for 24 h, cell media were discarded and cells were washed with 400 l PBS-EDTA 1% BSA and harvested with 400 l trypsin-EDTA 1% BSA (37°C/2 min). Cells were pulled down by centrifugation at 1,300 rpm/3 min; cell pellet was washed once with 400 l PBS-EDTA 1% BSA and again centrifuged at the same speed/time. Cells were fi xed with a Ϫ 20°C overnight incubation with a 70% ethanol (9.5 ml) in 1× PBS solution (0.5 ml ). Fixed cells were pulled down, washed once with PBS-EDTA 1% BSA and stained at 37°C for 2 h with propidium iodide solution (0.1 mg/ml in PBS) and RNase, DNase-free (10 g/ml ). Stained cells were analyzed by using a Guava EasyCyte™ fl ow cytometer (Merck Millipore, Billerica, MA). Data analysis was performed using the Multicycle AV program (Phoenix Flow Systems, San Diego, CA).
Des1 enzyme assay
To prepare the cell lysate for Des1 activity determination in vitro, a suspension of 10 6 cells/ml per sample was centrifuged (1,400 rpm/3 min); the pellets were washed twice with PBS and resuspended in 0.1 ml of 0.2 M phosphate buffer (pH 7.4). The competing with the natural substrate So, safi ngol is a competitive inhibitor of SK1 ( 18 ) , but unlike DMS, it is a substrate of SK2 ( 22 ) . A similar behavior is exhibited by FTY720 ( 23 ) . However, protein kinase C and other kinases are also inhibited by safi ngol ( 24 ) , DMS ( 25, 26 ) , and FTY720 ( 27 ) , which are not, therefore, considered to be SK-specifi c inhibitors. A few compounds have been described as SK1-selective inhibitors, including sphingosine kinase inhibitor (SKI) I ( 28, 29 ) and SKI 178 ( 30 ) . Another compound, SKI II, has been widely used as a SK1 inhibitor ( 31, 32 ) . Nevertheless, SKI II is a dual SK1 and SK2 inhibitor, although it is inactive against other kinases. SKI II is a mixed inhibitor of So and ATP binding to SK1 ( 33 ) , while the type of inhibition of SK2 has not been reported. Furthermore, SKI II (and also other inhibitors) has also been reported to induce proteasomal degradation of SK ( 4 ) . The use of SKI II in the context of cancer therapy has been recently reviewed ( 32 ) .
Dihydroceramide desaturase (Des1) is the last enzyme in the de novo synthesis of Cer. Blockade of Des1 produces an increase in dihydroceramides (dhCers), which have emerged as bioactive lipids and the target of several drugs ( 34 ) , including fenretinide. Several studies have shown that cells respond to fenretinide treatment with a robust production of dhCers (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) , and that this increase induces autophagy ( 45, 46 ) . Furthermore, experimental evidence exists on the connection between resistance to fenretinide and increased S1P production ( 38, 44 ) due to an increased SK activity and SK1 mRNA and protein levels ( 38 ) . In agreement, it has been reported that SK inhibitors abolish fenretinide resistance or synergize with fenretinide to enhance cancer cell death ( 36, 38, 41 ) . In one of the above studies, the SK inhibitor, SKI II, was used to show the involvement of SK1 in the resistance of A2780 ovary cancer cells to fenretinide ( 38 ) . The authors showed that treatment of fenretinide-resistant cells with SKI II effectively reduced S1P production and sensitized cells to the cytotoxic effect of fenretinide, and that cells treated with the combination fenretinide/SKI II experienced a dramatic increase in dhCer and sphinganine . Of note, treatment with SKI II alone signifi cantly elevated cellular dhCer levels, but not Cer levels, although this increase was much lower than that observed in fenretinide and fenretinide/ SKI II treatments. In another report ( 15 ) , SKI II was also found to produce an increase in N -hexadecanoyldihydrosphingosine (C16dhCer ) in A498 kidney adenocarcinoma cells. Surprisingly, none of the articles addressed and discussed these observations.
In this work, we show that besides inhibiting SK, SKI II reduces the activity of Des1 and increases the levels of dhCers and their metabolic products. This fi nding should be taken into account when using SKI II to investigate the role of SK in cell biology, as some of the effects attributed to increased S1P may actually be caused by augmented dhCers and/or their metabolites. Conclusions drawn based on the exclusive use of SKI II as a pharmacological tool should be revisited. antibodies were diluted 1:1,000 in 5% milk in TBST. Membranes were incubated for 1 h at 25°C or overnight at 4°C under gentle agitation. After washing with TBST, membranes were probed with the correspondent secondary antibody for 1 h at 25°C (Des1: 1:2,000 dilution in 5% PBS with 0.1% Tween 20; SK: 1:3,000 dilution in 5% milk in TBST; LC3: 1:1,000 dilution in 3% BSA in TBST). Antibody excess was eliminated by washing with TBST and protein detection was carried out using ECL and membrane scanning with LI-COR C-DiGit® blot scanner. After stripping, membranes were blocked again with 3% BSA in TBST and subsequently incubated with anti-␤ -actin antibody (1:2,000 in 3% BSA in TBST) for 1 h and the secondary antibody (1:10,000 in 5% milk in TBST) for 1 h. Band intensities were quantifi ed by LI-COR Image Studio Lite software.
Lipid analyses
Cells were seeded at 2,000,000 cells/ml into 6-well plates (1 ml/well) and were allowed to adhere for 24 h . Medium was replaced with fresh medium containing vehicle, SKI II (10 M), or PF543 (1 M). After exposure for the specifi ed times, medium was removed, cells were washed with 400 l PBS and harvested with 400 l trypsin and 600 l of medium. Sphingolipid extracts, fortifi ed with internal standards [ N -dodecanoylsphingosine, N -dodecanoylglucosylsphingosine, N -dodecanoylsphingosyl phosphorylcholine, C17-sphinganine (0.2 nmol each), and C17-sphinganine-1-phosphate, (0.1 nmol)] were prepared and analyzed as reported by ultraperformance LC (UPLC)-TOFMS ( 47 ) or HPLC-MS/MS ( 48 ) .
Computational docking
Docking simulations were conducted with the package Schrödinger Suite 2013 ( 49 ) , through its graphical interface Maestro ( 50 ) . The program Macromodel ( 51 ), with its default force fi eld OPLS 2005, a modifi ed version of the OPLS-AA force fi eld ( 52 ) , and GB/SA water solvation conditions ( 53 ) were used for energy minimization. The coordinates of rat NADH-cytochrome b5 reductase (CB5R) ( 54 ) , which include, in addition to the protein, a molecule of NAD + and the fl avin adenine dinucleotide (FAD) cofactor bound to the NADH and FAD binding sites, were obtained from the Protein Data Bank [(PDB) BC5R code: PDB 1IB0] ( 55 ). The structure of the protein was prepared using the Protein Preparation Wizard ( 56, 57 ) included in Maestro to remove the solvent molecules, adding hydrogens, setting protonation states ( 58 ) , and minimizing the energy using the OPLS force fi eld. Ligand structures were built and energy minimized within Maestro. Molecular docking simulations were carried out using the Induced Fit Docking workfl ow implemented in Maestro, which takes into account ligand and protein fl exibility (59) (60) (61) . Briefl y, this protocol consisted of: i ) An initial docking step of each ligand with the program Glide ( 62, 63 ), using the NAD structure to defi ne the center of the docking box and using a softened potential (van der Waals radii scaling by 0.5) for the ligand and receptor atoms within that box; in this way, up to 20 poses for each ligand were generated. ii ) For each protein-ligand complex, a minimization of the ligand plus all protein residues with atoms within 8 Å was carried out using the program Prime ( 64 ); the resulting receptor structure from each docked pose then refl ected and induced fi t to the ligand structure and conformation. iii ) Finally, redocking of each ligand against the protein structures derived from the previous step was carried out with Glide using the standard precision settings. Ligand poses were ranked according to their docking scores. Per-residue interaction energies were calculated after docking by selecting the Scoring in Place option within Glide SP.
ice-cooled suspension was submitted to one round of bath sonication (30 s)/rest on ice (30 s), fi ve rounds of bath sonication (15 s)/ rest on ice (15 s l of 0.2 M phosphate buffer (pH 7.4) were added to have a fi nal volume of 300 l. The reaction mixture was incubated at 37°C for 4 h. To stop the reaction, 0.7 ml/sample of methanol was added to each tube, mixed by vortex, and kept at 4°C overnight. The mixture was centrifuged (10,000 rpm/3 min), the clear supernatants were transferred to HPLC vials and 25 l were injected. Instrumental analysis was carried out by HPLC with a fl uorimetric detector as reported ( 47 ) .
To determine the compound's activity on Des1 in intact cells, cells were seeded in 24-well plates (10 6 cell/ml, 0.4 ml/well). Twenty-four hours after seeding, the medium was replaced by fresh complete medium containing substrate and either SKI II or XM462, which was used as a positive control (vehicle in controls) (0.4 ml/well). This solution was prepared as follows: 8 l each of substrate and test compound solutions (10 mM in ethanol) were taken and diluted with medium to 1 ml and then 50 l each of substrate and test compound solutions were added to each well (substrate = SKI II = XM462 = 10 M) prior to addition of 0.3 ml/well of medium . After incubation at 37°C for 4 h, the media were collected, cells were washed with PBS (0.2 ml/ well), and the washing solution was mixed with the collected media. Cells were harvested by trypsinization (trypsin/EDTA, 0.2 ml/well), washed with PBS, and the pellet was resuspended in water (0.1 ml) and sonicated (water bath) for 30 s. Methanol (media, 0.4 ml; cell lysate, 0.9 ml) was added to each tube and the mixture was stirred and kept at 4°C overnight . Then the suspension was centrifuged (10,000 rpm for 3 min), the solution was transferred to HPLC vials, and either 25 l (media) or 0.1 ml (cells) was injected.
Western blotting
For protein analysis, 1-2 × 10 4 cells were plated in 6-well plates and were allowed to adhere for 24 h. Cells were treated with 10 M of SKI II, 8 M of XM462, 1 M of PF-543, or ethanol as control for 4 or 24 h, collected with trypsin, and then pellets were washed twice with cold PBS. Cell lysis was performed with [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] l of lysis buffer [150 mM NaCl, 1% Igepal-CA630, 50 mM TrisHCl (pH 8), 2 g/ml aprotinin, 5 g/ml leupeptin, and 1 mM PMSF] by three cycles of bath sonication (5 s)/rest on ice (10 s). Then samples were kept on ice for 30 min and centrifuged for 3 min at 10,000 rpm. Supernatants were collected and protein determination was performed using the Micro BCA™ protein assay kit. Supernatants were combined with Laemmli sample buffer and boiled for 5 min. Equal amounts of proteins (Des1 and SK1, 30 g; LC3, 20 g) were loaded onto a 12% polyacrylamide gel, separated by electrophoresis at 100 V/90 min, and transferred onto a polyvinylidene fl uoride membrane (100 V/1 h). Unspecifi c binding sites were then blocked with 5% milk in TBS with 0.1% Tween 20 (TBST). Anti-DEGS1 antibody was diluted 1:1,000 in 5% milk in PBS with 0.1% Tween 20, and anti-LC3 and anti-SK investigate the potency of SKI II as a Des1 inhibitor, cell lysates were incubated with various amounts of compound at different substrate concentrations. As shown in Fig. 1C , a concentration-dependent inhibition of Des1 was observed at all doses. Moreover, while K m did not change, V max decreased with increasing SKI II concentrations, which is in accordance with a noncompetitive type of inhibition with a calculated K i of 0.3 M. The observed decrease in Des1 activity provoked by SKI II was not paralleled by a reduction in Des1 protein, which showed similar levels to the controls ( Fig.  1D ) . In contrast, SK1 protein levels were substantially reduced in cells exposed to SKI II (10 M) ( Fig. 1E ), which agrees with published reports in other cell models ( 65 ) . Figure 2 summarizes the results of UPLC/TOFMS analyses of sphingolipids extracted from HGC 27 cells harvested at different time points after incubation with 10 M SKI II. Levels of dhCer exhibited a 20-fold increase over controls at 4 h after treatment and then decreased slowly to reach a constant level that was maintained up to the latest time point determined (48 h). dhCer metabolites, namely dihydrosphingomyelin (dhSM) and dihydroceramide dihexoside (lactosyldihydroceramide) (dhCDH) (dihydroceramide monohexosides have never been detected in HGC 27 cells under any treatment), also increased over controls at 4, 8, 24 , and 48 h. Although similar levels of dhSM were found at all these time points, higher amounts of dhCDH occurred at 24 and 48 h than at 4 and 8 h. As expected from its SK inhibitory activity, S1P was reduced in cells treated with SKI II to almost undetectable levels at all time points sampled. Moreover, inhibition of SK brought about a 2-fold increase of the natural substrate So over controls at 4 h, while Cer and glucosylceramide increased over controls at 4, 8, and 24 h. In contrast, SM was not remarkably affected by SKI II treatment. A different effect on the sphingolipidome was observed after treatment with PF-543, a specifi c SK1 inhibitor ( 8 ) . In this case, signifi cant effects were observed at 8 h, but not 24 h, after treatment (supplementary Fig. II) . These effects are slight and include a 1.5-fold increase in dhCers and 1.3-and 1.4-fold increases in Cer monohexosides (CMHs) and Cer dihexosides (lactosylceramides) (CDHs), respectively.
Treatment of two other cell lines, glioblastoma T98G and cervical cancer HeLa cells, with SKI II (24 h) resulted in signifi cantly increased amounts of dhSM and dhCDH over controls (supplementary Fig. III) . No increase in dhCer levels was observed, also supporting inhibition of Des1 in these cells with metabolization of dhCer into complex dihydrosphingolipids .
SKI II decreases cell proliferation, provokes accumulation of cells at G1, and induces autophagy
The changes in the sphingolipidome described above were paralleled by a reduction in cell proliferation ( Fig. 3A ) . This effect was not observed when cells were exposed to PF543 (8 h: control, 6.11 ± 0.36 10 showed an increase in the number of cells at the G1 phase ( Fig. 3B, C ) as compared with vehicle-treated control cells.
RESULTS
SKI II inhibits both SK and Des1
SKI II reduced the viability of HGC 27 cells (MTT) with a LD 50 value of 84 M (supplementary Fig. I) . Therefore, the standard concentration used to inhibit SK (10 M) was not cytotoxic in these cells. Intact HGC 27 cells treated with SKI II (10 M/4 h) produced signifi cantly lower amounts of N -[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino] hexanoyl]-D-erythro-sphingosine (CerC6NBD) from dhCerC6NBD than controls ( Fig. 1A ) , suggesting a decreased Des1 activity. Because SM is biosynthesized from Cer, levels of 4-nitro-2,1,3-benzoxadiazole (NBD)-labeled SM were also signifi cantly lower in SKI II-treated cells than in controls. Des1 inhibition also occurred with cell lysates incubated for 4 h with equimolar concentrations (10 M) of substrate and SKI II ( Fig. 1B ) . In both experimental setups, inhibition was similar to that observed with XM462 (10 M), which was included as positive control ( 47 ). To molecules of FAD and NAD + bound in their respective sites in the protein ( Fig. 4A ) . Both molecules occupy a wide cleft in the protein, with FAD adopting an extended conformation and NAD
+ showing an L-shaped conformation, with its ribose-nicotinamide moiety placed in a relatively close disposition with respect to the fl avin moiety of FAD. To bind in a productive manner, the sugar and nicotinamide moieties of NADH need to change their conformation to get closer to the fl avin ( 54 ) . This was clearly evidenced in several very recently reported structures of CB5R, which showed a shift on the nicotinamide conformation of reduced NAD to adopt a parallel and closer ( ‫ف‬ 3 Å) disposition relative to the FAD fl avin group ( 73 ) . Some conformational changes in the protein were also registered between the oxidized and reduced forms, so that "closed" and "open" states for the protein could be distinguished.
Taking into account this conformational mobility, in particular at the NADH binding site, a docking protocol which considers some degree of protein fl exibility was envisaged as suitable to study the potential binding of SKI II into CB5R. To this end, by applying an induced fi t docking protocol that allowed the movement of residues in response to the presence of the ligand, different binding modes of SKI II into the NADH binding site could be determined. Figure 4B -D shows the three best poses which are representative of the docking poses obtained, and suggest that SKI II can adopt a range of binding modes that could be classifi ed as proximal ( Fig. 4B ) , intermediate ( Fig. 4C ), or distal ( Fig. 4D ) , depending on their disposition relative to the FAD cofactor. Decomposition of the interaction energy of each pose among the residues of the protein (supplementary Table II) shows that the proximal one is mainly stabilized by hydrophobic interactions with the FAD cofactor and residues T181, G274, and P275, as
The levels of LC3 II were measured to assess the effect of SKI II on autophagy. As shown in Fig. 3D , levels of LC3 II in cells exposed to 40 M SKI II for 24 h were higher than in control cells treated with vehicle and similar to those in cells treated with XM462 (10 M, 24 h), previously shown to induce autophagy in these cells ( 66 ) .
Molecular docking
The lack of available structural information on Des1 hampers the application of structure-based methods to obtain information about the interaction between SKI II and this protein. However, it could also be hypothesized that the inhibitory effects of SKI II on Des1 could arise from an effect on an upstream target, such as the CB5R. Indeed, comparison of the structure of SKI II with those of some fl avonoids which are known to inhibit CB5R ( 67, 68 ) (supplementary Fig. IV) , such as luteolin, shows a signifi cant shape and electrostatic character coincidence (supplementary Fig. V and supplementary Table I ). It has been proposed that this fl avonoid and other related compounds could bind to the NAD binding site on CB5R ( 69, 70 ) ; therefore, we examined the potential binding of SKI II at that site using an in silico docking method. To that end, we used the crystal structure of rat CB5R as docking target ( 54 ) 2 . This structure contains Fig. 2 . Effect of SKI II on the sphingolipid content. HGC 27 cells were treated with either ethanol (veh., vehicle) or SKI II (10 M) for the indicated times and then cells were collected and processed for UPLC/ TOFMS analysis as described in the Experimental Procedures. Data are the average ± SD of three experiments with triplicates. In all cases, except for those indicated as not signifi cant (n.s.), the differences between means corresponding to control and treated cells are statistically signifi cant ( P р 0.05, unpaired two-tail t -test). 2 There are several reported structures of mammalian CB5R, particularly from pig, rat and human, all of them showing a high sequential and structural homology. Previous molecular modeling studies ( 70 ) used the structure of the protein from pig [PDB 1NDH ( 71 ) ], however this structure was found to be mistraced in several regions and of arguable biological signifi cance ( 54 ) . On the other hand, the rat [PDB 1IB0 ( 54 ) ] and human [PDB 1UMK ( 72 ) ] protein structures showed a high structural similarity (root mean square deviation ‫ف‬ 1.0 Å) and, in addition to the FAD cofactor, the rat protein includes a molecule of bound NAD + , which allowed to better defi ne the region to be explored by the docking protocol. SKI II is a dual SK1/SK2 inhibitor extensively employed as a pharmacological tool. In one such study, SKI II was used to investigate the role of SK on the resistance of an ovary cancer cell line to the antineoplasic drug fenretinide ( 38 ) . As expected from its reported activity as a Des1 inhibitor, fenretinide treatment provoked an increase in intracellular dhCer levels, which was enhanced by cotreatment with SKI II. Interestingly, treatment with SKI II alone brought about an increase in dhCer that, although much lower than that induced by fenretinide alone or the fenretinide/SKI II combination, appeared to be statistically signifi cant ( 38 ) . These data prompted us to investigate the possibility of SKI II inhibiting Des1. This hypothesis was confi rmed both in intact HGC 27 cells and in cell lysates. In both experimental setups, the amounts of CerC6NBD produced from dhCerC6NBD were lower in treated cells/lysates than in controls treated with vehicle. Western blot analysis showed that SKI II did not modify Des1 protein levels, while in agreement with a previous article ( 65 ), a reduction in SK1 protein was evident. Kinetic studies showed that SKI II was a noncompetitive inhibitor with a K i value in the high nanomolar range. Other Des1 inhibitory compounds produced competitive (GT11, K i = 6 M) ( 74 ) or mixed-type inhibition (XM462, K i = 2 M) ( 47 ), while fenretinide functions as a competitive inhibitor ( K i = 8 M) at short incubation times and as an irreversible inhibitor at long incubation times ( 40 ) . While GT11 and XM462 are structural analogs of the Des1 substrate, fenretinide and other Des1 inhibitors ( 34 ) are not. We hypothesize that, while the structural analogs interact with the terminal desaturase protein, the nonstructural analogs act on other components of the electron transport chain or, alternatively, affect Des1 activity by modifying the redox status of well as polar interactions with F300. Similarly, the intermediate pose is mainly stabilized by hydrophobic interactions with residues G179, Q210, P275, and FAD, and the distal one by interactions with residues Q210, F251, P277, M278, and F281. Residues K110, Q210, D239, and F251 are the ones that experience a larger change in their conformation in response to ligand binding . Although docking scores alone often show little correlation with experimental binding affi nities, the similarity between the scores of the three poses shown suggest that there is little preference between one or other binding mode.
Analog docking experiments run with the known CB5R inhibitors, luteolin, quercetin, and (+)-taxifolin, show similar results (supplementary Fig. VI) , i.e., the three fl avonoids show best docked poses with similar distribution, covering all of the NADH binding site, and with similar docking scores.
DISCUSSION
The validation of SK as a therapeutic target has stimulated research on the discovery of inhibitors for therapeutic purposes. Although not used in therapy, the compound were also found to be elevated in SKI II-treated cells, although despite its signifi cant increase over controls, this observation was not addressed by the authors. Other SL inhibitors, such as dimethylsphingosine and the SK2-selective inhibitor ABC294640, also augmented dhCer, although not as much as SKI II. Importantly, high levels of dhCer were also produced upon SK1-selective knockdown, which also resulted in elevated levels of total Cers and decreased amounts of S1P. However, So did not increase, but experienced a small decrease, indicating that it was likely being converted to Cers by Cer synthase. Increased C16dhCer may also result from acylation of sphinganine , although this base and its corresponding phosphate were not analyzed. Levels of dhCer were also shown to increase in A2780 ovarian cancer cells ( 38 ) treated with SKI II, although in this case also, no attention was given to this fi nding. Our fi ndings in T98G and HeLa cells indicating inhibition of Des1 in these cells also, support that inhibition of Des1 by SKI II is not cell line specifi c.
In accordance with the mitogenic properties of S1P, overexpression of SK promotes growth, while decreasing SK activity by either genetic or pharmacological means reduces cell proliferation ( 2 ) . In this article, we show that this is also the case in HGC 27 cells. Cell cycle analysis showed a higher population of cells in the G0/G1 phase upon SKI II treatment, which agrees with a previous report in myeloid leukemia K562 cells ( 77 ) . Similar effects on cell cycle, namely accumulation of the G0/G1 population, were also found with DMS in rat intestinal epithelial cells ( 78 ) and by SK1 silencing in MCF-7 breast cancer ( 79 ), A498 ovarian cancer ( 80 ) , and U-1242 MG and U-87 MG glioblastoma cell lines ( 81 ) . In apparent contrast, Gao et al. ( 15 ) reported that SKI II arrested A498 cells in S phase with a concomitant decrease in the G2/M phase, while downregulation of SK1 or SK2 in U87MG cells under hypoxia arrests the cell cycle at G2/M ( 82 ) . Whether the effect on cell cycle is due to SK or Des1 inhibition cannot be concluded with the available experimental data. However, the latter possibility is supported by two instances of experimental evidence. First, the SK1 specifi c inhibitor, PF543, did not affect HGC 27 cell proliferation at 8 and 24 h, although it avoided S1P production with no remarkable changes in other sphingolipid species. Second, the effect of dhCers at slowing or arresting the cell cycle with accumulation of cells in the G0/G1 phase is welldocumented ( 35, (83) (84) (85) . Therefore, we suggest that the effect of SKI II on the cell cycle may be due to the accumulation of dhCer resulting from its Des1 inhibitory activity.
Both Des1 and SK have been implicated in autophagy ( 86 ) . Several studies have reported on the induction of autophagy by treatment with drugs that increase dhCer levels, such as fenretinide, resveratrol, and ␥ -tocopherol ( 34 ) . Moreover, we previously reported on the induction of autophagy with prior increase in dhCer by the Des1 inhibitor, XM462, in HGC 27 cells ( 66 ) . Autophagy is also induced in the same cell model by SKI II, but not PF543 (this work). These results suggest that autophagy induced by SKI II is actually due to increases in dhCer rather than to decreased production of S1P, which occurs with both SKI II and PF543. Furthermore, increase in LC3 II was also the enzyme environment, which has been reported to affect this enzymatic activity ( 75 ) . SKI II is a nonstructural analog of Des1 substrate and, as such, it does not probably directly interact with the Des1 protein. SKI II has been reported to induce oxidative stress ( 76 ) , and so its activity as a Des1 inhibitor may result from its activity at modifying the redox status of cells. However, the occurrence of inhibition in cell lysates is against the involvement of reactive oxygen species. Another possibility is that SKI II inhibits CB5R, the other enzyme present in the electron transport chain associated to Des1 activity ( 34 ) . Although this possibility has not been experimentally assessed, it is supported by the molecular modeling studies described above, which showed similar results in the docking to CB5R of SKI II and the known CB5R inhibitors luteolin, quercetin, and (+)-taxifolin ( Fig. 4 and supplementary Fig. VI) . Despite the fact that the precise mechanism by which these fl avonoids inhibit the reduction of cytochrome b5 by CB5R is not known, it has been proposed that they could bind to different loci on CB5R which could result in a cooperative behavior ( 68 ) . Furthermore, molecular dynamics studies show that they could explore more than a single interacting mode at the NADH binding site on CB5R ( 70 ) . Our results are consistent with these previous reports and suggest that similar interactions could be occurring between SKI II and CB5R. Thus, the three binding modes computationally determined for SKI II could interfere with the binding of different parts of the NADH molecule, namely the nicotinamide (proximal), the pyrophosphate (intermediate), or the adenosine (distal) moieties, competing with its binding or perturbing its function if non-optimal binding is achieved in presence of SKI II.
Results of lipid analysis ( Fig. 2 ) were in accordance with the SK and Des1 inhibitory activity observed for SKI II. Thus, a remarkable accumulation of dhCer was observed in HGC 27 cells at 4 h after treatment and remained signifi cantly higher versus controls up to the last time point investigated (48 h). As expected from its SK inhibitory activity, S1P was reduced in cells treated with SKI II to almost undetectable levels at all time points sampled. Moreover, inhibition of SK brought about a 2-fold increase of the natural substrate So over controls at 4 h. The Cer increases observed at the 4, 8, and 24 h time points are likely the result of So metabolization by Cer synthases. Downstream metabolites of Cer, namely SM, CMHs, and CDHs, were also augmented in the presence of SKI II. While SM increased over controls at only the 4 h time point, CMH and CDH remained higher in SKI II-treated cells than in vehicle-treated cells at all time points. These results suggest that conversion into SM is a fi rst response of cells to the deleterious increase in cytotoxic So, while glycosylation is activated as a sustained response. Similar effects were observed by Gao et al. ( 15 ) for SKI II in A498 kidney adenocarcinoma cells. Compared with the control group, the levels of intracellular S1P were decreased by over 90% after treatment with SKI II, while total Cer levels increased and amounts of So were dramatically decreased. These fi ndings agree with metabolization of the accumulated long chain base into Cers. Of note, the levels of C16dhCer found in A498 cells cultured with SKI II, DMS, or ABC294640, the latter specifi c for SK2 ( 87 ) . Interestingly, the three compounds increased C16dhCer, although the highest increments were attained with SKI II. Therefore, the contribution of dhCer to the proautophagic activity of some SK inhibitors cannot be disregarded at this point.
In summary, the dual SK1/SK2 inhibitor SKI II is also an inhibitor of Des1. Treatment of HGC 27 cells with SKI II results in decreased S1P levels and increased amounts of dhCer. Levels of Cer also augment, probably from acylation of So, which does not accumulate despite SK inhibition. The effects of SKI II on the cell cycle (longer duration/arrest of the G0/G1 phase) and autophagy observed here and by others can result from Des1 rather than SK inhibition.
